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EndosomeAcidiﬁcation of the lumen of intracellular organelles is important for post-transcriptional processing, endosomal
maturation, receptor recycling, and vesicle trafﬁcking, being regulated by an intricate balance between H+ inﬂux
through vacuolar-typeH+-ATPase and efﬂux through ion channels and transporters, such as theNa+/H+exchanger
(NHE). The eukaryotic NHE family comprises two major subgroups, one residing in the plasma membrane and the
other in intracellular organelles.Whilemammalian intracellularNHE isoforms are localized to various organelles, in-
cluding the mid-trans-Golgi compartments, early and late endosomes, and recycling endosomes, Nhx1p, the sole
NHE in yeast, has been reported to be localized predominantly to the late endosomal/prevacuolar compartment.
Here, using live cell imaging, we demonstrated that Nhx1p is localized to the trans-Golgi network compartments,
late endosomes, and recycling endosomes, similar to mammalian intracellular NHE isoforms. Loss of Nhx1p led to
accumulation of components of the retromer and endosomal sorting complex required for transport complexes,
but not trans-Golgi compartments, in aberrant prevacuolar compartments. Importantly, Nhx1p was also required
for recycling of the plasma membrane vesicle SNAP receptor Snc1p. These observations suggest that Nhx1p plays
an important role in regulation of the luminal pHof various intracellular organelles, and that this regulation is critical
for the protein recycling pathway as well as the endocytic pathway.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Intracellular organelles in the biosynthetic, protein recycling, and
endocytic pathways have a distinct luminal pH that is strictly
regulated by inﬂux through vacuolar-type H+-ATPase and H+ efﬂux
via several proton channels, proton-coupled transporters, and/or
proton-exchanging transporters [1,2]. In mammalian cells, progressive
acidiﬁcation of organelles in the endocytic pathway (e.g. early
endosome, pH ~6.3; late endosome, pH ~5.5; lysosome/vacuole, pH
~4.7) is important for recycling and trafﬁcking of internalized mem-
brane proteins, such as ligand–receptor complexes [1,3–5]. Similarly,
acidiﬁcation of organelles in the biosynthetic pathway (e.g. trans-
Golgi compartment, pH ~6.0; secretory vesicle, pH ~5.5) is thought to
be essential for proper post-transcriptional processing and trafﬁcking
of newly synthesized proteins [3,6]. In yeast, cytoplasmic pH has beenscent protein; mCherry, mono-
acuolar protein sorting; PVC,
ESCRT, endosomal sorting com-
r; TGN, trans-Golgi network.
ical Science and Technology,
ba 278-8510, Japan. Tel.: +81
oshima),
l rights reserved.shown to lie between 6.5 and 7 when cells are grown in media with a
pH of 5.5, whereas vacuolar pH has been reported to be 5.45 under sim-
ilar growth conditions [7–10]
The Na+/H+ exchanger (NHE) family is a large group of integral
membrane proteins that mediate electroneutral exchange of protons
for sodium or potassium ions across the membrane [11]. NHE proteins
of eukaryotic cells have similar membrane topologies, with 10–12 N-
terminal transmembrane domains that mediate ion exchange and a
more divergent C-terminal domain that plays a regulatory role in ion
transport [12,13]. To date, nine NHE isoforms have been identiﬁed in
mammalian cells, and these exchangers have been divided largely
into two sub-groups based on cellular localization and phylogenetic
analysis [13,14]. NHE1–NHE5 isoforms, localized primarily to the
plasma membrane, are well characterized and known to be crucial
for numerous physiological processes, including regulation of intracel-
lular pH, cell volume, and absorption of sodium ions into epithelia [1].
NHE1 is expressed ubiquitously in the plasma membrane of virtually
all tissues, whereas NHE2–NHE5 isoforms exhibit more restricted
tissue distributions [15–17]. In contrast to NHE1–NHE5 isoforms,
much less is known about the properties of NHE6–NHE9 isoforms,
which are localized to the membrane of intracellular compartments.
NHE6 was originally identiﬁed as a transporter localized to mitochon-
dria, but was later reported instead to reside in sorting and recycling
endosomes [12,18]. NHE9 is also localized predominantly to sorting
and recycling endosomes, but its distribution is clearly distinct from
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and recycling pathway [14]. NHE7 and NHE8 are reported to be local-
ized primarily to the trans-Golgi and mid-trans-Golgi compartments,
respectively [14,19]. A recent electron microscopy study has shown
that a minor proportion of NHE8 resides in multivesicular bodies
[20]. Although the tissue and cellular distributions of these intracellular
NHEs have been clariﬁed, their physiological roles are still little
understood.
The best-studied ortholog of intracellular NHE is yeast Nhx1p,
which is the closest homologue of mammalian NHE6 on the basis of
sequence identity, and therefore has been used as a model for inves-
tigating the mechanisms and physiological roles of intracellular NHE
[10,12,20,21]. Nhx1p, the sole member of the NHE family in yeast,
was originally identiﬁed as Vps44p, and shown to be required for vac-
uolar protein sorting [21,22]. Previous studies have shown that
Nhx1p is expressed predominantly in late endosomal/prevacuolar
compartments [21,23], and that deletion of the NHX1 gene leads to
accumulation of cargos destined for vacuoles, such as CPY (carboxy-
peptidase Y), and several endosomal proteins in aberrant prevacuolar
compartments located next to vacuoles, known as the class E com-
partment [21,22].
Here we demonstrate the novel localization of Nhx1p in the trans-
Golgi/TGN and recycling compartments by tagging endogenous
Nhx1p with three tandem copies of GFP and comparing the
localization with speciﬁc markers for various organelles. We also
show that loss of Nhx1p leads to accumulation of components of
the retromer and ESCRT complexes, but not trans-Golgi compart-
ments, in the class E compartment. Finally, we show that functional
Nhx1p is required for proper localization of plasma membrane
v-SNARE Snc1p, and has genetic interaction with Rcy1, both involved
in the protein recycling pathway.
2. Materials and methods
2.1. Yeast strains, growth conditions, and plasmids
The yeast strains used in this study are listed in Supplementary
Table 1. All strains were grown in standard rich medium (YPD) or syn-
thetic medium (SM) supplemented with 2% glucose and appropriate
amino acids. The triple GFP was integrated at the C terminus of the
NHX1 gene as follows: The 3GFP fragment was subcloned into
BamHI- and NotI-digested pBlueScript II SK (pBS-3GFP), and the
HIS3MX6 was ampliﬁed by PCR using pFA6a-GFP(S65T)-HIS3MX6 as
a template, and inserted into the NotI and SacII sites of pBS-3GFP to
give pBS-3GFP-HIS3 (pBS-3GFP-HIS3). To create an integration plas-
mid, a fragment of the NHX1 ORF (nt 1264–1899) was generated by
PCR and cloned into the BamHI site of pBS-3GFP-HIS3. To integrate
3GFP at the C-terminus of the NHX1 gene, the integration plasmid
was linearized by ApaI and transformed into yeast. The triple mCherry
was integrated at the C terminus of theNHX1 gene as follows: the 3GFP
fragment in pBS-3GFP-HIS3 was replaced by the 3mCherry fragment
using the BamHI and NotI sites (pBS-3mCherry-HIS3), and then, the
HIS3 fragment was replaced by the URA3 fragment using the BglII
and SacII sites (pBS-3mCherry-URA3). After inserting a NHX1 fragment
(nt 1264–1899) into the BamHI site of pBS-3mCherry-URA3, the plas-
mid was linearized and transformed into yeast, as was the case for
the 3GFP integration plasmid.
2.2. Fluorescence microscopy
Fluorescence microscopy was performed using an Olympus IX81
microscope equipped with a x100/NA 1.40 (Olympus) objective and
Orca-AG cooled CCD camera (Hamamatsu), using Metamorph soft-
ware (Universal Imaging). Simultaneous imaging of red and green
ﬂuorescence was performed using an Olympus IX81 microscope, de-
scribed above, and an image splitter (Dual-View; Optical Insights)that divided the red and green components of the images with a
565-nm dichroic mirror and passed the red component through a
630/50 nm ﬁlter and the green component through a 530/30 nm
ﬁlter. FM4-64 staining was performed as described previously [24].
2.3. CPY colony blot assay
The CPY colony blot assay was adapted from Roberts et al. [25].
Brieﬂy, after overnight growth in YPD medium, cells were diluted to
0.2 OD600, and 2 μl of each dilution was spotted on a YPD plate.
After incubation at 30 °C for 2 days, nitrocellulose ﬁlter was placed
on the plate and then incubated at 30 °C for 1 day. The nitrocellulose
ﬁlter was washed several times with standard phosphate-buffered sa-
line. The membranes were then subjected to immunoblotting with
mouse anti-CPY (Molecular Probes, Eugene, OR). The mouse anti-CPY
was used at 1:1000 dilution and donkey anti-mouse IgG-horseradish
peroxidase (Amersham Biosciences, Piscataway, NJ) at 1:2000 dilution
was used as the secondary antibody, followed by visualization with en-
hanced chemiluminescence reagents (PerkinElmer Life Sciences, Boston,
MA) in accordance with the manufacturer's protocols. Quantiﬁcation of
chemiluminescence signals was performed using a CCD camera (LAS
1000, FujiFilm) and the software programs Image Reader LAS
1000 V1.1 and Image Gauge V4.0 (FujiFilm).
2.4. Fluorescence labeling of α-factor and endocytosis assays
Fluorescence labeling of α-factor was performed as described pre-
viously [26]. For endocytosis assays, cells were grown to an OD600 of
~0.5 in 0.5 ml YPD, brieﬂy centrifuged, and resuspended in 20 μl SM
wih 5 μM Alexa Fluor 594-α-factor. After incubation on ice for 2 h,
the cells were washed with ice-cold SM. Internalization was
initiated by addition of SM containing 4% glucose and amino acids
at 25 °C.
2.5. Analysis of endosome motility
Endosome motility and velocity was analyzed using the ImageJ
v1.32 software package. For quantiﬁcation of endosome velocity,
time-lapse images were acquired at 0.5-s intervals. To determine
the velocity, the distance traveled by each endosome in 1.0 s was
calculated based on pixel coordinates (1 pxl=64.5 nm).
3. Results
3.1. Nhx1p is localized to the trans-Golgi, late endosomal, and recycling
compartments
Previous indirect immunoﬂuorescence and biochemical assays
had shown that Nhx1-HA is localized uniquely to prevacuolar com-
partments (PVCs), equivalent to the late endosomal compartments
of mammalian cells [21,23]. In a recent study it was reported that
Nhx1p also localizes and functions at the vacuole [27]. To perform
in-depth characterization of Nhx1p localization and dynamics, we
tagged endogenous Nhx1p with three tandem copies of GFP (3GFP),
and examined their localization in living cells. Nhx1–3GFP ﬂuores-
cence was detected in several punctate structures throughout the
cytoplasm (Fig. 1A). To test the functionality of 3GFP-tagged Nhx1p,
we examined the ability of Nhx1–3GFP to complement the phenotype
of nhx1Δ cells. A previous study had shown that nhx1Δ cells exhibit a
pH-dependent phenotype in growth and trafﬁcking of the G-protein-
coupled receptor Ste3p [10]. nhx1Δ cells are also reported to have a
defect in the transport of FM4-64, a lipophilic styryl dye that is
taken up via the endocytic pathway, from the PVC to the vacuole
[21]. As shown in Fig. 1B, we found that expression of Nhx1–3GFP
was able to restore the defective transport of FM4-64 to the vacuole
Fig. 1. Localization of Nhx1–3GFP in wild-type cell. (A) Fluorescence and DIC image of living cells expressing Nhx1–3GFP. Wild-type cells expressing Nhx1–3GFP were grown to
early to mid-logarithmic phase in YPD medium at 25 °C and observed by ﬂuorescence microscopy and different interference contrast (DIC). (B, C) Functionality of 3GFP-tagged
Nhx1p. (B) Cells were labeled with 200 μM FM4-64 for 15 min on ice. The images were acquired at 30 min after washing out unbound FM4-64 and warming the cell to 25 °C.
(C) CPY sorting analysis. The indicated strains were grown on YPD plate and then replica-plated onto nitrocellulose ﬁlter. The ﬁlter was washed with pBS buffer, and secreted
CPY was detected using anti-CPY antibody. The histogram in the right panel represents the relative intensities of CPY secretion quantiﬁed by chemiluminescence signals obtained
from three independent experiments. (D) Localization of Nhx1–3GFP and mCherry-tagged proteins in living cells. Merged images of GFP and mCherry channels are also shown in
right images. Wild-type cells expressing Nhx1–3GFP and mCherry-tagged proteins were grown and observed as described in (A). (E) Localization of Nhx1–3mCherry and GFP–Snc1
or GFP–Pep12 in living cells. (F) Quantiﬁcation of colocalization of Nhx1p and endosomal markers in wild-type cells. Error bars indicate the standard deviation from at least three
independent experiments. The percentages of colocalization were calculated as the ratio of marker protein localized in one hundred Nhx1p positive compartments (n=100) in
each experiment. *P b0.005 as compared to the percentage of colocalization between Nhx1p and the mitochondrion.
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ments abnormal secretion of carboxypeptidase Y (CPY) or growth sen-
sitivity to acidic pH or high salt media, observed in nhx1Δ cells (Fig. 1C,
Supplementary Fig. 1A and B) [10]. Nhx1–3mCherry also complements
the growth sensitivity of nhx1Δ cells (Supplementary Fig. 1A and B).We further conﬁrmed that localization of several marker proteins,
which accumulates in the aberrant PVC of nhx1Δ cell at acidic pH
(see Fig. 4) [10], is not affected in Nhx1–3GFP cells (Supplementary
Fig. 2A and B). Taken together, these results indicate that the 3GFP-
(or 3mCherry-) tagged Nhx1p can provide a function similar to that
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3GFP with mCherry-tagged speciﬁc markers for various organelles.
High colocalization of Nhx1–3GFP and Vps10–mCherry (~94.3%) was
observed (Fig. 1D and F). Vps10p is the CPY receptor that binds CPY
in the trans-Golgi compartment and is transported to the PVC, where
CPY is released. From the PVC, CPY travels further to the vacuole,
whereas Vps10p is recycled back to the trans-Golgi network (TGN),
where it further captures CPY [28,29]. Colocalization of Vps10p with
Sec7p [30], a trans-Golgi marker, Kex2p [31,32], a TGN marker, or
Pep12p [33,34], a PVC marker, demonstrated the localization of
Vps10p in these organelles (Supplementary Fig. 3A). Sec7p was also lo-
calized at the Kex2-residing TGN compartment, as reported previously
(Supplementary Fig. 3B) [30]. Therefore, we speculated that Nhx1p
might be localized to the trans-Golgi/TGN compartments, similar to
the localization of mammalian NHE7 or NHE8, in addition to the
PVCs. As expected, we observed partial colocalization (~33.0%) of
Nhx1p and Sec7p, conﬁrming that Nhx1p resides in the trans-Golgi/
TGN compartments (Fig. 1D). We also found that Nhx1p partly coloca-
lized with Pep12p (~17.9%) or Vps26p (~49.9%), a component of the
retromer complex that localizes to the late endosomal/prevacuolar
compartments (Fig. 1D–F) [35,36]. Since Nhx1p is the closest homo-
logue of mammalian NHE6, which is distributed to early recycling
endosomes [12], we next compared the localization of Nhx1p withFig. 2. Interaction of endosomes expressing Nhx1–3GFP with the actin cytoskeleton. (A, B)
mCherry (B) in living cells. Wild-type cells expressing Nhx1–3GFP were grown to early lo
subsequently imaged at intervals of 0.5 s. Arrowheads indicate example of compartmen
of Nhx1–3GFP-labeled compartments marked by white arrowhead in (A) (Nhx1p (α-fa
(Sec7p)). Green and red dots denote the ﬁrst and last positions, respectively, of each endoso
strains were treated with 250 μM LatA (LatA+) or DMSO (LatA−) for 30 min at 25 °C. Veloc
or Ste2-GFP in Nhx1–3GFP (or -3mCherry)-expressing cells. Nhx1p (α-factor), Nhx1p (-Se
factor, non-labeled with Sec7–mCherry, or labeled with Sec7–mCherry, respectively. Each ve
the velocity of the indicated compartments in act1-117 strains (JJTY2435) and the isogeni
least three independent experiments.Snc1p, an exocytic v-SNARE that is endocytosed, transiently localized
to early endosomes, and recycled back to the plasma membrane via
the trans-Golgi compartment [37]. As shown in Fig. 1E and F, Nhx1–
3mCherry partly resided in compartments labeled with GFP–Snc1p
(~44.6%). On the other hand, little localization of Nhx1p was observed
in the vacuole, endoplasmic reticulum, or mitochondrion (Fig. 1F and
Supplementary Fig. 3C). These results suggest that Nhx1p localizes to
various organelles related to protein trafﬁcking.
3.2. Actin-dependent motility of endosomes expressing Nhx1–3GFP
Compartments labeled with Nhx1–3GFP move heterogeneously
with various velocities within the range ~2.22 to ~519.52 nm/s (aver-
age velocity, ~172 nm/s) (data not shown). This is relatively slower
than the previously reported velocity of endosomes labeled with GFP-
fused Ste2p, α-factor receptor (~181.05 nm/s) [38], or that of early
endosomes labeled with Alexa Fluor 594-α-factor (A594-α-factor)
(~251.67 nm/s) (Fig. 2D and Table 1) [26]. This may be because
about 31% of Nhx1p is localized to trans-Golgi/TGN compartments,
which are less motile than early endosomes. To conﬁrm this possibility,
we ﬁrst discriminated between two Nhx1p-residing compartments,
the trans-Golgi/TGN compartments and endosomal compartments, by
co-labeling with Sec7–mCherry or A594-α-factor. As expected, Nhx1pMovement of Nhx1p positive compartments labeled with A594-α-factor (A) or Sec7–
garithmic phase in YPD medium at 25 °C. labeled with A594-α-factor for 5 min, and
t co-labeling with Nhx1p and A594-α-factor (A) or Sec7–mCherry (B). (C) Tracking
ctor)), green arrowhead in (B) (Nhx1p (-Sec7p)), and white arrowhead in (B) (Nhx1p
me. Scale bars, 50 nm. (D) Quantiﬁcation of velocity of Nhx1p compartments. Indicated
ity of α-factor or Ste2p indicates the velocity of endosomes labeled with A594-α-factor
c7p), or Nhx1p (Sec7p) indicates Nhx1p positive compartments labeled with A594-α-
locity was analyzed as described in “Materials and methods”. (E) Effects of LatA on
c wild-type ACT1 strains (JJTY2436). Error bars indicate the standard deviation from at
Table 1
Endosome speeds.
Strain Endosome (labeled by) Condition Average speed (nm/s)
WT A594-α-factor 251.67±42.41
WT Ste2-GFP 181.05±93.86
WT Nhx1p DMSO 210.38±70.35
(A594-α-factor) + Lat A 136.00±24.66
WT Nhx1p DMSO 204.23±27.24
(-Sec7p) + Lat A 115.91±46.27
WT Nhx1p DMSO 93.50±22.26
(Sec7p) + Lat A 100.94±22.50
ACT1 Nhx1p DMSO 216.61±63.71
(-Sec7p) + Lat A 126.65±17.60
ACT1 Nhx1p DMSO 100.17±20.33
(Sec7p) + Lat A 100.93±26.94
act1-117 Nhx1p DMSO 191.19±77.58
(-Sec7p) + Lat A 215.82±33.33
act1-117 Nhx1p DMSO 99.22±27.99
(Sec7p) + Lat A 99.91±54.10
pdr5Δ snq2Δ Nhx1p DMSO 216.81±118.67
(-Sec7p) + Jasp. 203.59±102.00
pdr5Δ snq2Δ Nhx1p DMSO 91.60±29.31
(Sec7p) + Jasp. 95.90±21.66
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Nhx1p compartments), as well as the compartments non-labeled
with Sec7p, exhibited much higher motility (~210.38 or ~204.23 nm/
s, respectively), than Nhx1p and Sec7p positive compartments (termed
trans-Golgi Nhx1p compartments) (93.50 nm/s) (Fig. 2A–D and
Table 1). Tracking of the highly motile endocytic Nhx1p compartment
revealed that movement of a particular Nhx1p-positive endosome
consists of two distinct phases – fast and slow – as shown in Fig. 2A
and C. This kind of movement was not observed in trans-Golgi Nhx1p
compartments (data not shown). This behavior is similar to the move-
ment of early endosomes, which can be divided into two phases: a fast
phase, >150 nm/s, and a slow phase, b150 nm/s [26], suggesting that a
proportion of Nhx1p might be localized to early endosomes. Since it is
reported that the motility of early endosomes depends on dynamic
actin polymerization [26] [38], we next investigated the effects of
Latrunculin A (LatA), a drug that sequesters actin monomers, on the
movement of endocytic Nhx1p compartments. After treatment of cells
with 250 μM LatA for 30 min, actin cables, labeled with Abp140-GFP,
were completely disassembled (data not shown) [26]. Concomitantly,
LatA treatment led to a signiﬁcant decrease in the velocity of endocytic
Nhx1p compartments (~136.00 nm/s) (Fig. 2D and Table 1). In contrast,
the velocity of trans-Golgi Nhx1p compartments was not affected by
LatA treatment (~100.94 nm/s) (Fig. 2D and Table 1). These effects
were not observed in the act1-117mutant, which showed complete re-
sistance to LatA [39], conﬁrming actin-dependent motility of endocytic
Nhx1p compartments.We also analyzed the effects of jasplakinolide, an
actin-stabilizing drug, in a strain in which two multidrug resistance
ABC-transporter genes (PDR5 and SNQ2)were deleted from the genome
to increase the drug sensitivity [40]. Interestingly, stabilization of the
actin cytoskeleton with jasplakinolide had no inhibitory effect on the
velocity of Nhx1–3GFP positive compartments (Table 1). It follows
from these results that a proportion of Nhx1–3GFP may reside in early
endosomes, whose motility depends on the actin cytoskeleton.
3.3. Nhx1–3GFP is localized to the endocytic early and late compartments
A previous study has shown that nhx1Δ cells have a defect in
transport of the FM4-64 from the PVC to the vacuole (Fig. 1B) [21].
We therefore examined the localization of Nhx1p in endocytic com-
partments by colabeling Nhx1–3GFP with A594-α-factor, which is
endocytosed through the receptor-mediated endocytic pathway
[26]. When added to cells, A594-α-factor was ﬁrst localized to the
plasma membrane (Fig. 3A, 1 min), and was then observed in the in-
ternal endocytic early compartments by 5 min (Fig. 3A). By 10 min,the A594-α-factor began to concentrate in the endocytic late com-
partments, and ﬁnally accumulated in the vacuole by 20 min
(Fig. 3A). Interestingly, A594-α-factor was entirely colocalized with
Nhx1p-positive endosomes from 5 to 15 min (Fig. 3A and B), suggest-
ing that Nhx1p resides in the endocytic early and late compartments.
It has been reported that vacuolar pH is maintained at around pH 4.8
in wild-type cells grown at pH 2.7, whereas that in nhx1Δ cells is sig-
niﬁcantly more acidic, with a pH of ~3.9 [10]. This suggests that the
luminal pH of the endocytic compartments to which Nhx1p is local-
ized might also be decreased in nhx1Δ cells. To investigate the effect
of luminal acidiﬁcation of the endocytic compartment on endocytic
trafﬁcking, we examined A594-α-factor transport from the plasma
membrane to the vacuole in nhx1Δ cells. In medium buffered to pH
3.5, A594-α-factor was ﬁrst localized to the plasma membrane and
then transported to vacuoles at 30 min in wild-type cells, whereas in
nhx1Δ cells most of the A594-α-factor was accumulated in aberrant
PVC (Fig. 3C) [21]. This result is of interest because defective transport
of A594-α-factor was restricted to late endosomal/prevacuolar
compartments although localization of Nhx1p is observed throughout
endocytic compartments. As shown in Fig. 3D, functional Nhx1p is
required for cells particularly at acidic pH, because nhx1Δ cells cultured
at acidic pH showed more severe defect in transport of A594-α-factor
to the vacuole, compared to nhx1Δ cells cultured at neutral pH. To de-
termine whether this pH-dependent requirement is speciﬁc for Nhx1p,
we examined the transport of A594-α-factor using another class E VPS
mutant, vps27Δ cells, which have a similar phenotype to nhx1Δ cells
[21]. It was found that in vps27Δ cells, A594-α-factor accumulated in
the aberrant PVC at both acidic and neutral pH (Fig. 3E). Taken together
with the previous observation, these results suggest that regulation of
luminal pH by Nhx1p in endocytic compartments is important for efﬁ-
cient transport of A594-α-factor.3.4. Nhx1p is required for the protein recycling pathway as well as the
endocytic pathway
VPS genes have been classiﬁed into six groups on the basis of the
vacuolar morphology observed in each deletion mutant [22]. NHX1
(VPS44) was originally designated a class A VPS gene, whose mutant
has vacuoles similar to the wild-type [22], but later studies clariﬁed
that nhx1Δ cells exhibit a class E-like phenotype, characterized by
enlargement of PVCs [21]. Several proteins, including Vps10p, were
reported to accumulate in large, aberrant PVCs next to the vacuole
(the class E compartment) in nhx1Δ cells [21], but whether this
accumulation depends on pH has not been clariﬁed. We observed
that Vps10p, normally localized to the trans-Golgi and late endosomal
compartments (see Supplementary Fig. 3A), accumulated in the class
E compartment, labeled by A594-α-factor, of nhx1Δ cells in medium
buffered to pH 3.5 (Fig. 4A and G) [21]. By contrast, Vps10p exhibited
an apparently normal localization at neutral pH (Fig. 4A). We then in-
vestigated which trafﬁcking pathway is affected by loss of the NHX1
gene using the following markers: Pep4p as a marker for the CPY path-
way [41], Vps26p as a marker of the retromer complex that mediates
the endosome-to-Golgi retrograde transport pathway [35], and Hse1p
and Vps4p as a marker of the ESCRT-0 or the ESCRT-III complexes
that mediate the MVB sorting pathway [42,43]. All of these proteins
were accumulated and colocalized with A594-α-factor in the class E
compartment of nhx1Δ cells at acidic pH, whereas they showed an ap-
parently normal localization at neutral pH (Fig. 4B–4E and G). By con-
trast, localization of Sec7p was unaffected in nhx1Δ cells at both acidic
and neutral pH (Fig. 4F and G). These results indicate that the localiza-
tion and function of the retromer complex and the ESCRT complexes
are also affected in nhx1Δ cells at acidic pH.
Colocalization of Nhx1p with Snc1p, which is a cargo in the recy-
cling pathway (Fig. 1E), prompted us to examine whether Nhx1p
also is required in the protein recycling pathway. Intriguingly, in
Fig. 3. Localization of Nhx1–3GFP in endocytic compartments. (A) A594-α-factor is transported from the plasma membrane to the vacuoles through Nhx1–3GFP-labeled endo-
somes. Cells expressing Nhx1–3GFP were labeled with A594-α-factor as described in Materials and methods. The images were acquired at 1, 5, 10, and 20 min after washing
out unbound A594-α-factor and warming the cell to 25 °C. (B) Quantiﬁcation of co-localization of A594-α-factor and Nhx1–3GFP in wild-type cells at each time point. Error
bars represent the SD from at least three experiments. (C) Localization of A594-α-factor in nhx1Δ cell. Wild-type cells and nhx1Δ cells were grown for 18 h at 25 °C in YPD medium
buffered to pH 3.5 and labeled with A594-α-factor. Images were acquired at 2 min or 30 min after washing out unbound A594-α-factor and warming the cells to 25 °C. (D) Quan-
tiﬁcation of localization of A594-α-factor in wild-type or nhx1Δ cells at neutral or acidic pH condition. Localization of A594-α-factor was categorized into three classes; PVC only
(yellow), PVC and vacuole (blue), and vacuole only (magenta). Error bars represent the SD from at least three experiments. (E) Localization of A594-α-factor in vps27Δ cell. vps27Δ
cell were grown and labeled with A594-α-factor both at pH 3.5 and pH6.8 as described in (C).
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shifted to the intracellular compartments, in contrast to its associa-
tion with the plasma membrane in wild-type cells (Fig. 5A and B).
We further examined the localization of GFP–Snc1 in wild-type and
nhx1Δ cells by comparison with Sec7–mCherry or Vps10–mCherry.
Intracellular GFP–Snc1 was highly colocalized with Sec7p (~84.0%)
and partly colocalized with Vps10p (~41.0%) at neutral pH
(Fig. 5A–D, and Supplementary movie 1) in both wild-type and
nhx1Δ cells, indicating that a large proportion of intracellular GFP–
Snc1 is localized to the trans-Golgi/TGN compartments. By contrast,
at acidic pH, GFP–Snc1 showed a change in localization and became
highly colocalized with Vps10p (~76.0%), which accumulates in the
class E compartments of nhx1Δ cells (Figs. 4A, 5B, D, and Supplementa-
ry movie 1). To clarify whether decreased localization of Snc1p at theplasma membrane in nhx1Δ cells is caused by a defect of recycling or
simply by defective transport from the TGN to the plasma membrane,
we inhibited endocytic internalization by treating nhx1Δ cells with
250 μM LatA, and then examined the localization of Snc1p. As shown
in Fig. 5E, most of the Snc1p was localized to the plasma membrane
and localization to intracellular compartments was signiﬁcantly de-
creased. This result supports the idea that Snc1p can reach the plasma
membrane, but is not efﬁciently recycled. To gain further information
on the function of Nhx1p in the protein recycling pathway, we con-
structed a nhx1Δ rcy1Δ double-mutant strain and examined the effect
of NHX1 deletion in cells with deletion of Rcy1p, which is reportedly in-
volved in the recycling of Snc1p from endosomes to the plasma mem-
brane [44]. The double mutant was analyzed for growth at 25 °C and
compared with that of single mutant and wild-type cells. It was found
Fig. 4. Accumulation of various organelle proteins in the aberrant PVC in nhx1Δ cells. (A–F) Localization of various organelle makers in nhx1Δ cells at neutral or acidic pH condition.
nhx1Δ cells expressing indicated GFP-fused protein were grown for 18 h at 25 °C in YPDmedium buffered to pH 3.5 or pH 6.8 and labeled with A594-α-factor. Images were acquired
at 30 min after washing out unbound A594-α-factor and warming the cells to 25 °C. Merged images of GFP and mCherry channels are also shown in right images. (G) Quantiﬁcation
of colocalization of A594-α-factor and indicated GFP-fused protein in nhx1Δ cells at pH 3.5. Error bars indicate the standard deviation from at least three experiments.
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25 °C, and thus, NHX1 showed synthetic growth defects with RCY1.
Taken together, these observations suggest that functional Nhx1p is re-
quired for the protein recycling pathway, as well as for the endocytic
pathways.4. Discussion
In contrast to previous observations suggesting that Nhx1p is lo-
calized exclusively to the late endosomal and prevacuolar compart-
ments [21,23], our present results demonstrated that enodogenous
Fig. 5. Nhx1p is required for Snc1p recycling to the plasma membrane. (A, B) Localization of GFP–Snc1 and Sec7–mCherry or Vps10–mCherry in wild-type or nhx1Δ cells at neutral
or acidic pH condition. Cells expressing GFP–Snc1 and Sec7–mCherry or Vps10–mCherry were grown in SD medium buffered to pH 6.8 at 25 °C. (C, D) Quantiﬁcation of colocaliza-
tion of GFP–Snc1 and Sec7–mCherry or Vps10–mCherry in wild-type or nhx1Δ cells. Error bars indicate the standard deviation from at least three experiments. (E) Localization of
GFP–Snc1 and Sec7–mCherry in nhx1Δ cell treated with 250 μM LatA. nhx1Δ cells expressing GFP–Snc1 and Sec7–mCherry were grown to early to mid-logarithmic phase in YPD
medium at 25 °C, treated with 250 μM LatA, and observed by ﬂuorescence microscopy. (F) Synthetic lethality between NHX1 and RCY1. Tetrad analysis following sporulation of an
nhx1Δ::kanr/NHX1 rcy1Δ::kanr/RCY1 diploid. The tetrads were dissected on YPD plate, and the plate was photographed after 4 days of growth at 25 °C. The right panel represents
the genotype of each spore. The nhx1Δ::kanr or rcy1Δ::kanr spores were identiﬁed by their G418r phenotype and PCR using gene-speciﬁc primers.
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the trans-Golgi/TGN, endocytic and recycling compartments (Fig. 6A).
In mammalian cells, four intracellular NHEs have been identiﬁed, and
these are reported to be localized to different intracellular organelles,
where they contribute to pH maintenance [2,14]. For instance, NHE6
resides in early recycling endosomes [12], NHE7 resides in thetrans-Golgi network, NHE8 resides in the mid-trans-Golgi and MBV,
and NHE9 is localized to late recycling endosomes [14,19,20]. The
similar localization of Nhx1p to mammalian intracellular NHEs sug-
gests that yeast Nhx1p has roles that overlap with those of mamma-
lian NHEs, functioning in the regulation of luminal pH in various
organelles. We also showed that loss of the NHX1 gene affects several
Fig. 6. Model for localization and function of Nhx1p. Nhx1p localizes and regulates the luminal pH in the trans-Golgi/TGN compartments and early-late endosomes in the biosyn-
thetic, endocytic, and recycling pathways. In transport from the PVC to the Golgi in nhx1Δ cells, the vacuole is inhibited at acidic pH. Transport from the TGN to the plasma mem-
brane is also inhibited at both acidic and neutral pH.
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Bowers et al. showed that Nhx1p is required for trafﬁcking out of
the PVC [21]. We additionally demonstrated that GFP–Snc1 accu-
mulates in the trans-Golgi/TGN compartments of nhx1Δ cells at
neutral pH. This observation, and the localization of Snc1p in the
trans-Golgi/TGN compartments, suggest that Nhx1p may also be re-
quired for trafﬁcking out of the trans-Golgi compartments (Fig. 6B).
This concept would explain an earlier observation that nhx1Δ cells
showed signiﬁcantly lower rates of FM4-64 efﬂux than wild-type
cells [10].
Several observations obtained in this study and previous ones sup-
port the localization of Nhx1p to early endosomes. First, we found
that A594-α-factor became entirely colocalized with Nhx1p-positive
compartments at 5 min after internalization into the cytosol. We
showed previously that endocytosed A594-α-factor was also partially
colocalized with Snc1-GFP at 5 min after internalization [26,45].
Secondly, the actin-dependent movement of Nhx1p-residing com-
partments also supports this idea. Early endosomes associate with
actin cables and move actively along them, and thus movement of
early endosomes is strongly inhibited by treatment with LatA [26].
We demonstrated that LatA treatment led to a decrease in the veloc-
ity of endocytic Nhx1–3GFP compartments while the velocity of
trans-Golgi Nhx1–3GFP compartments was not affected. These obser-
vations also suggest speciﬁc requirement of actin cytoskeleton on the
movement of endosomes in endocytic pathway.
nhx1Δ cells exhibit a class E-like phenotype, characterized by en-
largement of PVCs, in a pH-dependent manner. Class E Vps proteins
are involved in the sorting of protein into lumen vesicles of the
MVB. Except for Nhx1p, most of the class E Vps proteins, such as
Vps4p and Vps27p, are components of the ESCRT complex, which is
divided into four complexes, ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-
III [46]. These ESCRT complexes form the oligomeric protein sorting
machinery on the endosomal membrane that is required for cargo sort-
ing [46]. Thus, it seems reasonable to conclude that acidiﬁcation of
endosomal luminal pH or cytosol caused by NHX1 deletion pertubes
the formation of sorting machinery. Our ﬁnding that the localization
of Hse1p (ESCRT-0) and Vps4p (ESCRT-III) was changed in nhx1Δ
cells only at acidic pH appears to support this idea. The retromer com-
plex, consisting of several Vps proteins, is required for the endosome-
to-Golgi retrograde transport pathway that is also impaired in nhx1Δ
cells [35]. Accumulation of Vps26p in the class E compartment of
nhx1Δ cells at acidic pH also appears to suggest defective formation
of the retromer complex in nhx1Δ cells.The ﬁnding that GFP–Snc1 accumulated in aberrant PVC in nhx1Δ
cells at acidic pH suggests that Snc1p might be recycled through late
endosomes (dotted line in Fig. 6). It has been reported that Snc1p is
endocytosed, transported to early endosomes, and recycled back to
the plasma membrane by passing through the trans-Golgi compart-
ment [45,47,48], but it has not been clariﬁed whether Snc1p passes
through the late endocytic compartment. In mammals, it has been
established that membrane proteins are recycled from early endo-
somes via recycling endosomes [49], but in yeast, localization of
Snc1p in recycling endosomes has not been demonstrated. Accumula-
tion of GFP–Snc1 in aberrant PVC in nhx1Δ cells suggests that Snc1p
may be recycled back to the plasma membrane after being trans-
ported to the late endosomal compartment. It is still unclear how
endocytic cargo is transported from early endosomes to late endo-
somes. One possibility is that early and late endosomes are rather
static entities, between which material is transferred by transport
carriers (the vesicle transport model) [50]. Alternatively, the early en-
dosome could be remodeled to become a late endosome, as in the Rab
conversion model [51]. Recent evidence obtained from studies of
mammalian cells, however, supports the latter model of remodeling
of early endosomes to late endosomes [51,52]. Thus, it seems
reasonable to consider that GFP–Snc1 endocytosed from the plasma
membrane is ﬁrst transported to early endosomes, and then to late
endosomes before transfer to the TGN.
In conclusion, our results suggest that Nhx1p is localized to a
broader range of intracellular organelles, and that functional Nhx1p
is required for protein trafﬁcking in the endocytic and protein recy-
cling pathway. Because of its close relationship to NHE6, which is dis-
tributed to early recycling endosomes [12], how Nhx1p functions in
the protein recycling pathway is an important issue for future study.
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